Objective: Postoperative cognitive dysfunction (POCD) is common after anaesthesia in elderly patients. However, it may appear in patients of all ages. The main pathogenesis of cognitive dysfunction remains unclear, although there is some evidence that brain inflammation may alter cognitive abilities. In the present study, we aim to evaluate short-term and long-term effects of dexamethasone on cognitive dysfunction induced by sevoflurane anaesthesia in adult rats.
Introduction

P
ostoperative cognitive dysfunction (POCD) is a term used to describe the cognitive impairment of memory, attention, concentration, and information processing occurring after surgery (1) . Although elderly adults seem to be more sensitive to its long-term effects, POCD may appear in patients of all ages (2) . The main reason for POCD is not clearly understood, but animal studies have shown that anaesthetic agents can play a role in causing neurodegenerative changes in the brain (3) . The cognitive impairment effects of sevoflurane on both aged and young rats have been shown by several researchers, but there is a paucity of data on adult rats (4, 5) .
Dexamethasone is a well-known steroid agent that regulates inflammation by inhibiting anti-inflammatory mediators and other mechanisms such as induction of the expression of dual specificity phosphatase-1 (6) . The anti-inflammatory effects of dexamethasone in brain cells have been shown in several studies (7, 8) . Furthermore, researchers have implied that dexamethasone may support the treatment of brain inflammatory diseases (7, 8) . Based on these findings, we hypothesised that dexamethasone could mitigate the cognitive impairment induced by sevoflurane in adult rats.
during the light phase of the light/dark cycle. The timeline of all experiments is shown in Figure 1 .
Anaesthesia: Rats were randomly allocated to one of the three groups: C (n=10), S (n=10) or SD (n=10). All rats were placed in an anaesthetic chamber. Rats randomly placed in S or SD groups received a 5% concentration of sevoflurane for 1 min for anaesthesia induction, and then anaesthesia was maintained with a 2%-4% concentration of sevoflurane in 100% oxygen at a flow rate of 2 L min -1 for 4 h via an anaesthetic system (Prisma SP Alpa, Penlon Limited, Oxon, UK). The sevoflurane, oxygen and carbon dioxide concentrations inside the chamber were monitored (Datex-Ohmeda, USA). During anaesthetic treatment, rats spontaneously breathed and the investigator monitored the respiratory frequency and skin colour of rats. In addition, the depth of anaesthesia was evaluated by clamping the tail with an alligator clamp at 30-min intervals. Anaesthesia was maintained by adjusting the sevoflurane concentration (2%-4%) according to the respiratory frequency, skin colour or response to tail clamping. Rats randomized to the C group received 100% oxygen at a flow rate of 2 L min -1 during 4 h.
Before the induction of anaesthesia, 0.1 mg kg -1 dexamethasone in 0.25 mL/100 g of body weight volume and 0.9% saline were administered via the tail vein to rats in the SD group. Plain 0.9% saline in 0.25 mL/100 g of body weight volume was administered to rats in the C and S groups.
Behavioural tests: Behavioural tests were delayed until 24 h after the induction of anaesthesia to avoid the residual effects of sevoflurane. Rats were placed in a quiet light-controlled test room at least 30 min before the tests for adaptation to room conditions. All tests were performed by the same investigator who was blinded to the groups and were recorded by a video tracking system (ANY-maze version 4.82).
The Open Field (OF) Test:
The OF test was performed as described by Brotto et al. (9) on day 1 after the induction of anaesthesia to evaluate the behavioural activity of rats. The arena for the OF test was made of wood and was 100 × 100 cm 2 in size with 40-cm-high walls and was divided into 16 equal squares. The rats were placed on an OF area and observed for 5 min. The total distance travelled by rats was measured to evaluate the general activity. The OF arena was cleaned after each test with 70% ethanol.
The Elevated Plus Maze (EPM) Test:
The EPM test was used to assess anxiety-related behaviours of the rats according to previously described methods with some modifications (10) . The maze was constructed with two open (45 × 10 cm 2 ) and two enclosed (45 × 10 × 45 cm 2 ) arms and elevated 50 cm from the floor. The rat was placed on the centre of the maze facing towards the enclosed arm, and the time spent on the open arm was observed for 5 min.
The Morris Water Maze (MWM) Test:
The MWM test, which was first introduced by Morris et al. (11) to exhibit deficits in spatial learning and memory depending on hippocampal lesions, was performed as previously described with minor modifications (12) . A round (diameter: 180 cm, height: 50 cm), black-painted pool was filled with clean water at 26±1°C to a height of 30 cm. The pool was divided into four imaginary quadrants: north-east (NE), south-east (SE), north-west (NW) and south-west (SW). Rats were placed in the pool facing towards the wall by the same investigator for all trials. In the trials, if the rats could not find the platform in 60 s, the investigator guided them to the platform. When the rats arrived at the platform, they stayed there for 15 s. They performed four trials in a day with a 60-s rest between each trial. At the end of the trials, rats were dried with a towel and put back in their cages.
Twenty-four hours after the induction of anaesthesia, rats were allowed to swim freely in the pool for 60 s to adapt to the test condition.
On the following day, a cued trial was performed. In the cued trial, rats were placed in one part of the pool with the same randomisation (SE, SW, NW and SE). They were released for free swimming to find the black escape platform (diameter: 10 cm) with a collared ball that was placed 1 cm above the water at the centre of each quadrant of the pool (NE, NW, SE and SW). On days 3-6 after anaesthesia, training trials were conducted. The escape platform was submerged 2 cm below the water surface in the same position (NE). The starting position of the rats was changed in each trial with the assigned randomisation that was the same for all rats. On days 7 and 30 after anaesthesia, probe trials were executed. In the probe trials, the rats started the test from the opposite side of the hidden platform quadrant in training trials (SW) and swam in the pool without the escape platform for 30 s.
The time to find the hidden platform (latency to platform) and swim speed of the rats during training trials, time spent and the distance travelled on zone (previous platform area) during the probe trials were measured. In addition, the time taken to reach the target zone (latency to zone) and crossing over the target zone during the probe trials were recorded.
Statistical analysis
All analyses were performed using IBM Statistical Package for the Social Sciences (IBM SPSS Statistics; Armonk, NY, USA) software (version 20). The normality was tested using Kolmogorov-Smirnov test, whereas homogeneity of variance was calculated using Levene's test. The normally distributed data were expressed as mean (±standard deviation) and compared between groups by analysis of variance (ANOVA) with Tukey's post hoc test or Games-Howell test, whereas not normally distributed data were expressed as median (range) and compared using the Kruskal-Wallis test. Repeated measured data were analysed using repeated measures ANOVA test. A p value of <0.05 was considered statistically significant.
Results
All animals survived and participated in all stages of the experiment. The general motor activity of the rats was the same in the OF test. The total distances on the OF arena were 4.27±2.47 m in the S group, 5.49±3.05 m in the SD group and 6.51±1.19 m in the control group (p=0.13). The time spent on the open arm during EPM test was significantly different between the groups, and exposure to SD caused lower anxiety-like behaviour than that in the control group (p=0.02, Table 1 ).
In the MWM test training trials, the time spent by the rats to find the hidden platform (latency to platform) decreased over the trials in all groups. However there was a significant difference among the groups (p=0.004; Figure 2) . However, the comparison of the swim speed of the rats did not show significant difference among the groups (p=0.62; Figure 3 ).
In the MWM test probe trials 1 (on day 7 after the induction of anaesthesia) and 2 (on day 30 after the induction of anaesthesia), there were significant differences in the time spent, distance travelled and the latency to the zone that the platform was submerged during the training trials between the groups (p=0.00, p=0.003 and p=0.002, respectively; Figures 4-6) . However, the number of crossings over the previous platform zone was not significantly different between the groups in probe trials 1 and 2 [p=0.914 (P1) and p=0.144 (P2); Figure 7 ].
Discussion
The findings of the present study showed that a 2%-4% concentration of sevoflurane exposure during 4 h had significant negative effects on the learning abilities of adult rats. In addition, there was an impaired long-term memory retention capacity in young adult rats in the S group compared with the SD and C groups. Furthermore, combining a single low-dose dexamethasone (0.1 mg kg -1 ) with sevoflurane caused lesser anxiety-related behaviour.
Sevoflurane is a safe inhalation anaesthetic agent that is commonly preferred by anaesthesiologist for patients of all ages due to its low blood-gas partition coefficients and low metabolic breakdown. These properties imply that sevoflurane provides rapid and smooth induction and recovery from anaesthesia (13) . However, it is known that sevoflurane may lead to cognitive dysfunction, despite the sub-anaesthetic dose usage in adults (14) . On the other hand, the knowledge about cognitive impairment related to sevoflurane in adult animals is controversial and associated with the small number of results of experimental studies (5, 15) . Learning and memory are the researched aspects of cognitive functions in animals. The MWM test is a reliable method of assessing spatial learning and reference memory in rodents (16) . Using the MWM test, we measured the latency to find a hidden platform and swim speed in training trials to determine spatial learning ability of rats. Short-term and long-term memory deficits are assessed by the probe trials of MWM test analysing the time spent, distance travelled, latency and number of crossings over the previous platform area. Our study demonstrated that the adult rats have deficits in spatial learning and memory on days 7 and 30 after the induction of anaesthesia with 2%-4% sevoflurane in 100% oxygen during 4 h.
Neuroinflammation is a cornerstone of degenerative changes and cognitive disease (3, 17) . However, the cognitive impairment induced by anaesthetics may depend on different factors, and it was recently shown that sevoflurane leads to increased interleukin-6 (IL-6) levels and induces neuroinflammation and cognitive disorders in young mice (18) . In contrast, Gong et al. (4) investigated the effects of a nonsteroid anti-inflammatory drug (parecoxib) on cognitive impairments and they concluded that parecoxib attenuated the nugatory effects induced by sevoflurane in rats. Dexamethasone, which is a widely used agent in the perioperative course to prevent postoperative nausea, vomiting, and inflammatory events, can inhibit the production of IL-6 (19) . Many studies have revealed that dexamethasone can make alterations in memory and learning processes (20, 21) . Although the popular opinion is that dexamethasone diminishes cognitive function, some researches presented evidence that indicated otherwise (22) . Venturella et al. (22) showed that dexamethasone reverses induced memory impairment. To our best knowledge, this is the first study to evaluate the effect of dexamethasone on sevoflurane-induced cognitive dysfunction. In our study, there were significant differences in spatial learning and short-term and long-term memory in the S group. In addition, the rats in the SD group had better performance on latency to platform on day 3 after the induction of anaesthesia (training trial 1) than those in the S group. Moreover, in the short-term and long-term memory tasks (probe trials 1 and 2), the rats that received dexamethasone had significantly less reduction in the time spent on and distance travelled in previous platform area compared with the rats in the S groups. Moreover, the latency time to the previous platform zone was significantly higher in the S group. In addition, according to our study results, general motor activity was not significantly dissimilar in the rats between groups. Thus, we suggested that the impaired abilities in the MWM test may have been based on changes in the learning and memory functions of rats.
The memory and learning processes require a basal level of cortisol production; however, a high level of secretion can inhibit this mechanism (23) . Corticosteroids bind to glucocorticoid receptors, and activated glucocorticoid receptors conduct transcription of the various genes and lead to several events in brain, including intracellular signal transduction, metabolism and synaptic plasticity which are related with cognitive functions. Intermediate activation of the receptors is related to memory consolidation (24) . In the present study, a low-dose dexamethasone was used. Thus, intermediate activation with low doses may play a role in this memory enhancement.
Anxiety is a disorder caused by a neurobiological imbalance in the brain. The primary inhibitory neurotransmitter gamma-aminobutyric acid (GABA) seems to be an important regulator in anxiety-like behaviours (25) . Like other anaesthetics, sevoflurane acts on the GABAergic system and modulates GABA (26) . In addition, N-methyl-D-aspartate (NMDA) antagonism can result in anxiety-related disorders (27) . Moreover, Haseneder et al. (28) showed that sevoflurane elevates the expression of the NMDA receptor type 1 and 2B subunits in the hippocampus leading to less anxious behaviour. Another study conducted by Luo et al. (29) suggested that sevoflurane inhibits pain-related anxiety, along with ERK activation. However, the relationship between dexamethasone and anxiety is complicated. The peripheral administration of high-dose dexamethasone can lead to anxiogenic reaction, whereas lower doses can produce anxiolytic effects due to the increased GABAergic neurons (30, 31) . In our study, rats anaesthetised with sevoflurane showed less anxious behaviour (not statistically significant) than non-anaesthetised rats. However, the addition of dexamethasone to sevoflurane caused significantly reduced anxiety. In the present study, the usage of sevoflurane with dexamethasone may have generated more anxiolytic influence in rats due to the synergistic effect of the drugs on GABAergic system. This study has some limitations. First, we did not evaluate the dexamethasone-alone group in this study because the primary goal was to determine the effect of sevoflurane on cognitive function and possible relationship with inflammation in adult rats. Second, we did not investigate the possible mechanisms related to cognitive dysfunction histopathologically. Finally, this study had an experimental design that restricts the possibility of generalising the results to humans.
Conclusion
Sevoflurane may impair spatial learning and short-term and long-term memory in adult rats. The administration of dexamethasone along with sevoflurane anaesthetics may reduce anxiety without leading to any alteration in general motor activity and ameliorate the short-term and long-term cognitive dysfunctions induced by sevoflurane in adult rats.
